A collection of neutralizing monoclonal antibodies (MAbs) produced against the LWVRT 60.1, Jasper and N1 strains of infectious pancreatic necrosis virus (IPNV) were selected for the analysis of VP2 epitopes. Previous characterization of the LW and JA MAbs allowed the identification of continuous and discontinuous epitopes but the topological localization of these sties remained obscure. The ability of these MAbs to differentiate individual epitopes was evaluated by additivity and competition assays using antigen-coated plates and by surface plasmon resonance (SPR), an automated biosensor system that is able to retain the conformation integrity of proteins. IPNV-neutralizing MAbs defined a major, conformational-dependent and immunodominant area where continuous epitopes represent portions of a larger discontinuous epitope. Moreover, weakly neutralizing MAbs could interact with internal sites, located within the foldings of the polypeptide chain. Anti-VP2 MAbs prepared against the European serotype N1 recognized and competed for epitopes present on the North American strains LWVRT 60.1 and Jasper.
Introduction
Monoclonal antibodies (MAbs) have been used extensively for the antigenic characterization of viruses. Antibodies are produced against, and bind to, a small number of residues which constitute the epitope. This site recognized by the antibody has an important function. First, it has an immunological role since it has been selected, among other potential sites, by the host's immune system. Second, it delineates an antigenic area made of a linear series of residues or, more frequently, non-contiguous residues brought together by the folding of the peptide chain (van Regenmortel & Neurath, 1985) . Third, since some antibodies exhibit biological properties, it is possible to establish an epitope/function relationship. Therefore, the localization of viral epitopes can be attempted if a collection of MAbs with known specificities is available. We have previously produced and characterized MAbs against three serotypes of infectious pancreatic necrosis virus (IPNV), a common pathogen of salmonids in aquaculture (Wolf, 1988) . The genomic and structural organization of this virus is similar to that of other Birnaviruses such as infectious * Author for correspondence. Fax + 1514 6865626. t Present address: Institut de recherche en biotechnologie, 6100 avenue Royahnount, Montrdal, Qudbec, Canada.
bursal disease virus (IBDV), an avian pathogen, and, in both cases MAbs obtained exhibited the same specificity for two structural and highly immunogenic proteins: VP2 (54kDa) and VP3 (29 kDa to 31 kDa). These proteins are derived upon proteolytic cleavage of a polyprotein precursor encoded by one of the two doublestranded RNA segments of the virus (Dobos & Roberts, 1983) . VP2 constitutes the external capsid (Dobos et al., 1977) and carries the serotype-specific and neutralizable epitopes which have been defined by MAbs as being continuous or discontinuous (Caswell-Reno et at., 1986; H~varstein et al., 1990; Fahey et al., 1991 ; Tarrab et al., 1993) . The role and the location of VP3 is still unclear. Anti-VP3 MAbs do not contribute significantly to the virus neutralization and they are all directed against continuous epitopes. Furthermore, epitopes are more conserved on this protein (Wolski et al., 1986; Dominguez et al., 1990 Dominguez et al., , 1991 Tarrab et al., 1993) .
Attempts to analyse IPNV epitopes have been limited, either because few MAbs were used or because the antigenic specificity of these MAbs remained unknown. In 1986, Caswell-Reno et al. defined four or possibly five structurally and/or functionally different epitopes on the West Buxton strain by additivity assays using five MAbs. From these, only two were antigenically characterized (one anti-VP2 and one anti-VP3). In 1991, Dominguez et al. analysed three IPNV strains (Sp, Ab, and VR299) in competitive binding assays with four MAbs (two Sp anti-VP3, one Ab anti-VP3 and one VR299 of unknown specificity). They concluded that different epitopes are present between these strains and within the Sp strain.
The immunological importance of VP2 directed our interest to the analysis of neutralizable epitopes on the LWVRT 60.1 and Jasper strains. Three panels of anti-VP2 MAbs, produced against the strains LW, Ja and N1, have been used Tarrab et aI., 1993) . Furthermore, since these antibodies recognize continuous and discontinuous epitopes they constitute ideal tools for the identification of each particular region on both the native and denatured form of the protein. We present here evidence of the topological organization of the major VP2 structural protein of IPNV. Some elements about the localization of VP3 in relation to VP2 are also discussed.
Methods
Viruses. The following IPNV prototype strains were used in this study: LWVRT 60.1 (LW), Jasper (Ja) and N1. The first two were obtained from the ATCC and the latter was kindly provided by Dr K. E. Christie (Norway). All these viruses were propagated on CHSE-214 cells (Heppell et al., 1992) , and clarified supernatants were concentrated by ultracentrifugation (26000 r.p.m., Beckman SW27, 90 rain). These virus preparations contained an average of 150 ~tg/100 gl of total protein, as determined by a standard protein assay (Bio-Rad).
Monoclonal antibodies. MAbs against LW and Ja strains have been characterized previously (Tarrab et al., 1993) . MAbs against the N1 strain were provided by Dr K. E. Christie . All these MAbs react by immunoprecipitation and/or Western immunoblot with VP2 and, except for NI MAbs, they are highly specific for the homologous strain. Their properties are summarized in Table I . Two anti-VP3 MAbs of the LW series, LWl (IgG3) and LW3 (IgG2a) have also been employed in this study. Serial dilutions of the supernatants have been analysed by ELISA against a constant amount of antigen to determine individual avidities. Microtitreplates were coated with appropriate dilutions of concentrated viruses (0.75 gg of total protein in 50 lal of PBS) and adsorbed overnight at 4 °C. MAb and peroxidaselabelled Protein A (KPL) were both incubated in successive steps for 90 rain at room temperature. Substrate was 2 mM-O-phenylendiamine, 3 mM-hydrogen peroxide in citrate buffer (0.05 M-anhydrous citric acid, 0-1 M-dibasic sodium phosphate anhydrous pH 5-0). Absorbance was measured at 492 nm with a Titertek Multiskan spectrophotometer (Flow).
Additivity assays. The Additivity Index (AI) of Friguet et al. (1983) was used to determine the epitope specificity of unlabelled MAbs successively reacted in ELISA plates. Because this test is based on complete antigen saturation, it was rigorously controlled for each pair of MAbs. Theoretically, the AI of a MAb with itself should be near 0, because of the total interference (positive control) and, inversely, the AI of a MAb with an irrelevant MAb or the RPMI 1640 growth medium from hybridomas (653) should be near 100% due to the absence of interference (negative control). However, in some cases the growth medium interfered slightly with the binding of MAbs, reducing the AI. Two epitopes were considered different when the AI was > 20 %. The assay was performed in the same conditions as described above except that the first MAb was reacted for 90 min then washed with PBS and the second MAb was allowed to react thereafter.
Competitive assays. These were performed in antigen-coated plates using unlabelled and peroxidase-labelled MAbs. The degree of inhibition was calculated as described previously (Lecomte, 1985) . For labelling, MAb supernatants were purified by adsorption on Protein A or G of MAC capsules (Amicon) and conjugated to horseradish peroxidase (HRPO; Sigma type VI) as described elsewhere (Tijssen & Kurstak, 1984) . Competitive ELISA was performed by first reacting the unlabelled MAb (2 h, room temperature) and then the labelled MAb was added and incubated in the same conditions. The 653 growth medium and an irrelevant MAb were used as controls.
Surface plasmon resonance (SPR).
The biosensor-based analytical system, BIAcore (Pharmacia Biosensor AB) was used to analyse molecular interactions between virus and MAbs (F/igerstam et al., 1990; Karlsson et al., 1991 ; Dubs et al., 1991) . Optical principles are on the basis of the SPR phenomenon, a sensitive technique that detects changes in the intensity of light reflected from a thin metal film (Liedberg et al., 1983) . Thus, if biomolecules can be adsorbed to a sensor chip (a gold film covered with hydrophilic dextran) any change in the refractive index will be proportional to the adsorbed mass and will be detected. The angle shift, called the SPR response, can be monitored continuously over time and presented in a sensorgram as resonance units (RU). In the biosensor, a rabbit anti-mouse IgG Fc (RAMFc) was immobilized and used to capture the first MAb to which the antigen was bound. Immunosorbent purified RAMFc, Sensor Chip CM5, surfactant P20, amine coupling kit containing N-hydroxysuccinimide (NHS), N-ethyl-N' (dimethylaminopropyl) carbodiimide (EDC), and 1 M-ethanolamine hydrochloride (pH 8.5) were obtained from Pharmacia Biosensor (Uppsala, Sweden). RAMFc (40 lag/ml in 10 mM acetic acid, pH 5.0) was covalently coupled to the sensor chip by activation of the dextran matrix with EDC and NHC, followed by deactivation of unreacted carboxyl groups with ethanolamide. The sensor surface was conditioned with 100 mM-HC1 and the first MAb (15 gg/ml in HBS buffer: 10 mM HEPES, 0.15 M-NaC1, 3.4 mM-EDTA, 0-05 % surfactant P20 pH 7.4) was injected at a flow rate of 5 gl/min and bound to the immobilized RAMFc. Unoccupied sites of the RAMFc were blocked by injecting 35 gl of purified mouse Igs G1, G2a, G2b and G3 (25 ~ag/ml, Sigma) at the same flow rate. Forty IxI of concentrated virus (diluted 1:25 in HBS buffer) was subsequently injected, followed by 35 pl of the second MAb. The surface was regenerated with 10 lal of 100 mM-HCI and up to 100 successive cycles of MAbl-Ag-MAb2 could be tested. Three-layer MAb was also performed by injecting sequentially two secondary MAbs before regeneration. All the experiments included uninfected concentrated CHSE-214 cells as antigen control, and Ag8-653 growth medium as MAb control.
Results

Antigen-binding characteristics of anti-VP2 MAbs
All MAbs used in this study were from hybridoma supernatants. The Ig concentration varied from 10 to 100 gg/ml depending on different batches. Some supernatants contained less than 10 ~tg/ml (LW4, LW6, N1F2, N1E4) but it did not necessarily affect their binding properties when analysed by ELISA. However, differences in antibody avidity are important when a pair of MAbs is simultaneously reacted against the antigen of interest (Stone & Nowinski, 1980) . Antibody binding assays were designed to examine the avidity characteristics of anti-VP2 MAbs. As deduced from the normal- 
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ized curves in Fig. 1 , antigen saturation was generally achieved with the majority of the MAbs except with LW4 and LW6. This can be attributed to their low concentration and their low avidities. Usually, the maximum amount of antibody that bound to the antigen varied from 5 to 50 ng/50 t11. (Table 2 ). This can be explained by its low avidity (see Fig. 1 ), or because the epitope it recognizes overlaps the main area defined by MAbs LW9, 10 and 7. Surprisingly, MAb LW7 inhibited the binding of a second MAb, and conversely a first MAb interfered with the binding of LW7. It was not possible to study MAb LW6 with this method since results were not reproducible and interference with itself was inconsistent. The interaction of JA MAbs was slightly different depending on the order in which they were added to the reaction (Table 3) . For example, we observed a partial inhibition of JA1 and JA3 (discontinuous epitopes) after adding JA5 (continuous epitope) but, a complete inhibition of JA5 after adding JA1 or JA3. Furthermore, JA1 inhibited the binding of JA3 more efficiently than JA3 inhibited JA1. The LW MAbs analysed so far, did not interfere with the binding of the JA MAbs, except for a partial interference of LW4 with JA3 and LW7 with JA5.
Additivity assays with anti-VP2 MAbs
Competition assays with anti-VP2 MAbs
Competition assays using peroxidase labelled MAbs (LW4*, LW7*, LW9*, JAI*) and unlabelled MAbs of the LW, JA and N1 series, have been used for a further analysis of VP2 epitopes. Fig. 2 (a, b and c) demonstrate the results obtained with the LW strain and Fig. 2(d) those obtained with the Jasper strain. In the first case, the same specificity was found for MAbs LW9 and LW10. Their reactions followed a similar pattern which is consistent with the previous observation that they are directed against the same discontinuous epitope on the LW strain. In addition, the binding of LW4 or LW6, but not of LW7, inhibited the binding of peroxidase-labelled LW9 (Fig. 2 a) . To examine more precisely the proximity of these epitopes, peroxidase-labelled LW4 and LW7 have been used. In the first case, it appeared that MAbs LW4 and LW6 competed strongly for the same site, but LW7 and LW9-10 had a different epitope specificity (Fig. 2b) . In the second case, it was evident that LW7 delineated a particular epitope which was different from that of LW6, 4, 9 and 10 (Fig. 2e) . Surprisingly, the N1 MAbs recognized and competed with VP2 epitopes on the LW strain (Figs 2a, b and c) . Among them, N1H8 and N1F2 exhibited an important effect on the binding of the three labelled LW MAbs, whereas N 1 E4 inhibited only LW4.
The analysis of VP2 epitopes on the Jasper strain (Fig.  2 d) provides similar information and clarifies the results obtained by additivity assays. The binding of JA1, which recognizes a discontinuous epitope was, in this case, totally inhibited by the previous binding of MAbs directed against continuous (JA5) or discontinuous epitopes (JA3). The heterologous MAbs of the LW series appeared unrelated to the Jasper epitopes, but an inhibition was observed with N1F2 and N1H8 (Fig. 2d) . JA1 was unaffected by the binding of N1E4 (not shown).
Surface plasmon resonance with LW MAbs
It is known that the complexity of some epitopes on the folded native protein is lost when a virus is directly adsorbed to a plastic surface (Altschuh et al., 1985) . The SPR offered an attractive system for epitope mapping of the viral proteins because it enables conformational integrity to be maintained (Dubs et al., 1991) . As a model of these Ag-Ab interactions, the LW strain has been analysed with five anti-VP2 and two anti-VP3 MAbs using two approaches. By the 'two layers' method MAbl was captured on its Fc fragment by a rabbit antimouse Ig, whereas the Fab portion bound the antigen. Then, MAb2 was added and its interaction with the antigen was recorded and visualized. In this set of experiments each pair of MAbs has been reciprocally analysed as MAbl and MAb2. The 120 sensorgrams obtained with all the possible combinations (including the controls) are summarized in Table 4 . All the isotypes of mouse Igs were efficiently bound to the RAMFc, but the highest RU (1503 and 1089) were reached with one IgG3 (LW1) and one IgG2a (LW3). The IgsG1 (LW4, 6, 7, 9, 10) recorded between 617 to 838 RU. On the other hand, no direct relation was observed between the level of MAbl and the amount of antigen that it bound. In fact, anti-VP3 MAbs (IgG3 and IgG2a) captured on average, 150 RU of virus, whereas three anti-VP2 MAbs (IgG1) bound 468 RU (mean values). Furthermore, when MAbs2 were reacted, anti-VP3 MAbs preferentially bound the antigen when exposed by anti-VP3 MAbs (LW1 and LW3) and conversely, anti-VP2 MAbs exclusively bound the antigen exposed by anti-VP2 MAbs (LW4, LW7, LW9 and LW10). The low avidity of LW6 MAb rendered it unable to bind any detectable amount of antigen and, excepting one case (LW4) it never bound to the virus. MAbs LW7 and LW9 10 have been therefore selected for a comparative analysis of the continuous and discontinuous epitopes of VP2. In the 'three layer method' they were sequentially injected in the order: MAbl-Ag-MAb2-MAb3. A total of 36 sensorgrams was obtained (including the controls), and after background subtraction, the results of all the combinations were compiled and are presented in Table 5 . The RU of MAbsl was higher in this test, but the amount of antigen that each Ab bound remained equivalent. All the reciprocal combinations MAb2/MAb3 of the pair LW9-LW 10 systematically reproduced the same pattern, indicating again the identity of the epitopes they recognize. This assertion is based on two additional observations: LW9 and LW10 bound in a similar way to the antigen when used as MAbs2 regardless of the MAbl (average RU = 256 for LW10, 263 for LW9) and their binding was considerably reduced when they were reinjected as MAbs3 (average RU LW10/LW10 = 26; LW9/LW10 = 84-5, LW10/LW9 = 9.5, and LW9/LW9 = 25). In all these cases, the previous binding of LW7 did not interfere with the subsequent binding of LW9 or LW10 (average RU LW7/LW10--192, LW7/LW9 = 148). Clearly, MAbs LW9 and LW10 recognized an antigenic site different from that of LW7. Furthermore, some of the characteristics observed with LW7 rendered it unique: it never bound when the antigen was exposed by MAb LW10 (average RU ---76), it bound weakly when the antigen was exposed by MAbs LW9 (average RU = 79) or LW7 (average RU = 98) and, surprisingly, it never bound as MAb3 after LW7, LW9 or LW10.
Discussion
Among the different approaches that have been used for the identification of viral epitopes, MAbs have been useful since they can provide information about immunodominant and non-immunodominant determinants (Atassi, 1984) . Their selective specificity allows the delineation of continuous and discontinuous epitopes and the identification of biological functions. We have tested 11 anti-VP2 MAbs prepared against three different serotypes of IPNV. Eight of them recognized two categories of epitopes and except for one, they all neutralized virus infectivity. Hence, they provided a unique opportunity to explore one of the most important immunogenic sites on the natural protein. These MAbs were of different isotypes and concentrations and as shown in the present study, some of them had different avid±ties. Interpretation of results where pairs of MAbs were simultaneously reacted must account for this fact. Clearly, low-avidity MAbs exhibited weak binding for the antigen and this was invariably observed in additivity, competition and SPR assays.
The analysis of VP2 epitopes on the LW and Jasper strains by additivity and competition assays usually gave reproducible and complementary results. The main conclusion of these studies is that IPNV-neutralizing MAbs defined a principal, immunodominant area. This observation is consistent with the topological distribution of neutralizable sites on other Birnaviruses. As was postulated for IBDV, it is possible that all virusneutralizing MAbs bind to closely related epitopes on one discontinuous region (}ppling et al., 1991; Heine et al., 1991) . This region, possibly located in the central hypervariable segment of VP2, has already been identified for IPNV as highly conformationdependent (H~varstein et al., 1990) . Pairs of MAbs (e.g., LW9-10 and JA1 3) that reacted with discontinuous epitopes, in fact recognized the same epitope on their respective strains. The localization of neutralizable continuous epitopes, however, remains unresolved. Results obtained with JA5 by additivity and competition tests, seemed to indicate that these sites probably represent portions of the larger discontinuous epitope. This is a frequent observation for this class of epitopes (van Regenmortel, 1989) . Interestingly, a close relationship has also been found between MAbs LW4, 6, 7 (recognizing continuous epitopes) and MAbs LW9, 10. However, results of additivity assays were not conclusive because of the low avidity of LW6, the partial interference of LW4 and the double interference of LW7. By competition assays, LW4 and LW6 seemed to react with proximal or identical sites since they showed similar patterns: both inhibited the attachment of LW9 (Fig.  2 a) , they were strong competitors of LW4 (Fig. 2 b) and they did not compete at all with LW7 (Fig. 2c) . Therefore, it is conceivable that neutralizable sites could be clustered within one region where continuous (LW4, 6) and discontinuous (LW9, 10) epitopes tend to merge into each other. Unfortunately, it was not possible to label LW6 without loss of its activity. On the other hand, apparent discrepancies between additivity and competition assays have been encountered with LW7. This MAb was detected as second antibody only by competition assays probably because labelled antibodies rendered the test significantly more sensitive than additivity assays. In fact, the MAb LW7 site could either by related to the same region delineated by MAbs LW4, 6, 9 and 10 or it could recognize a separate and distinct epitope. In both assays, the accessibility of antigenic sites should be equivalent since the same conformational constraints were imposed to the antigen. However, if LW7 binds an internal epitope it could confer structural changes to the discontinuous epitope, affecting the binding of other MAbs. Reciprocally, any MAbs that bind to the surface epitopes will impede the passage of MAb LW7. From the above consideration we propose, as shown in Fig. 3 , a hypothetical organization of this major neutralizable region of IPNV, as delineated by LW and JA MAbs. The fact that anti-VP2 MAbs of the N1 series recognized and competed with the same epitopes on the LW and Ja strains was unexpected, particularly with N1H8 and N1F2 which, in some cases, exceeded the homologous inhibition (e.g., LW9). It could, however, indicate that some regions on VP2 have been conserved despite the variability reported for this protein (CaswellReno et al., 1986; H~tvarstein et al., 1990; Tarrab et al., 1993) . This is also illustrated by the higher absorbances observed in ELISA with the LW strain (Table 1) . On the other hand, N1E4 which was the least cross-reactive, did not neutralize virus infectivity and behaved as a weak competitor (except for LW4).
The SPR analysis was an interesting approach to study molecular interactions without alteration of the native structure of the proteins. The three-layer method of SPR was conceived to analyse LW7 and LW9, 10 relationships. The identity between LW9, 10 was undoubtedly confirmed and the epitope of LW7 showed the characteristics of an under-exposed site, probably at the internal part of the same loop which binds LW9 and LWI0. This could also explain why LW7 has a reduced neutralizing capacity.
Furthermore, when anti-VP3 and anti-VP2 MAbs have been simultaneously studied with this method using the two-layer system, it was observed that the binding of a second MAb to the antigen was related to the specificity of the first MAb. In other words, anti-VP2 or anti-VP3 MAbs preferentially bind to the antigen exposed by anti-VP2 or anti-VP3 MAbs, respectively. Since the virus preparation used during this study contained disrupted capsomers, it could be conceivable that a second antibody will bind the same epitope when they are sufficiently close, but it will not bind if the respective epitopes are more distant. Another observation using the two-layer method concerns the relative abundance of VP2 and VP3 epitopes. Anti-VP3 MAbs bound less antigen than anti-VP2 MAbs probably because these proteins are found in different relative proportions in the virus (Dobos & Roberts, 1983) . With this system we also found that low avidity MAbs (LW6) failed to bind the antigen. However, under specific configurations the binding was possible (LW4/LW6).
To our knowledge this is the first report of neutralizable epitopes of VP2 and the first attempt to localize VP3 epitopes on IPNV. Earlier studies have suggested the existence of one operational antigenic site but from the five MAbs employed only two were neutralizing and only one reacted with VP2 (Caswell-Reno et al., 1986) . Although operational limitations were encountered when using MAbs for the antigenic analysis of proteins (Altschuh et al., 1985; Heinz, 1986 ) they still provide a useful method for the determination of the degree of physical overlap between individual epitopes (Heinz, 1986) .
